, (iii) the proportion of HY and VHY environments increased by 50% in the years 2007 to 2015 compared with 1987 to 1996, (iv) yield for medium-yielding (MY) and LY environments did not significantly change over time, and (v) the proportion of LY and MY environments has decreased over time. In summary, increases in the yield ceiling and proportion of HY environments were the main reasons for yield improvement. Future research might continue to focus on yield improvement and further shrinking of LY and MY environments via improved hybrid and crop management technologies.
higher efficiency in harvest equipment contributed to yield increases (Cardwell, 1982; Pike et al., 1991; Lauer et al., 1999; Troyer, 2004; Assefa et al., 2012; Kucharik, 2006 Kucharik, , 2008 Vyn, 2012, 2013; Fischer et al., 2014; Smith et al., 2014) . In addition to management, use of improved hybrids (Hallauer, 1973; Russell, 1974; Duvick, 1977; Smith et al., 2014) and changes in precipitation, temperature, solar radiation (environment), and length of the growing season have also contributed to the historical corn yield improvement (Lobell and Asner, 2003; Kunkel et al., 2004; Kucharik and Serbin, 2008; Tollenaar et al., 2017) . Several researchers have previously estimated the percentage contribution of these factors to the increased corn yield. However, additional previously overlooked factors have been identified, making it difficult to assess the exact contribution of each component for yield improvement. Duvick (2005) suggested that half of the yield improvement is due to improved management and the other half to crop breeding. Recently, Tollenaar et al. (2017) discussed the corn yield improvement factors as technological (genetics and management) versus nontechnological (weather-based changes), concluding that solar brightening contributed about 27% of corn yield trend from 1984 to 2013. The impact of climate on corn yield is mixed (i.e., a negative impact due to heat from the rising summer temperature and a positive impact due to the increase in length of growing season as early spring and early winter temperatures rise). Lobell and Field (2007) reported 8.3% corn yield decrease for 1°C global temperature increase. Earlier, Lobell and Asner (2003) reported that recent trends in temperature have increased corn yield and indicated that yield gains due to nonclimatic factors (technology) might have contributed ~20% less than previously reported. A 40% contribution for corn yield trend from 1976 to 2006 in Wisconsin was attributed to changes in precipitation and temperature (Kucharik and Serbin, 2008) . Recently, Lobell and Azzari (2017) studied yield heterogeneity for corn in the US Midwest from 2000 to 2015 using satellite, discovering more heterogeneity and that yield productivity is increasing in asynchrony between most productive lands, where more technology and inputs are applied, versus low productive zones, where yields are more stagnant and highly variable.
An average yield increase for a region can be a result of a proportional yield increase across all yield environments (Fig. 1A) , a significant increase in a single or few best yield environments (Fig. 1B) , an increase in only the frequency (proportion) of best yield environments (and/or a decrease in the proportion of lower-yielding environments, Fig.  1C ), or an increase in both the yield and proportion of best yield environments (Fig. 1D) . A yield increase in both dryland and irrigated systems has been previously documented (Duvick and Cassman, 1999; Duvick, 2005; Kucharik and Ramankutty, 2005; Campos et al., 2006; Assefa et al., 2012) , but in absolute terms, most authors have reported a slower yield gain in dryland relative to irrigated corn. Dryland corn production only indicates that there was no supplemental water applied (lack of irrigation) but does not provide sufficient data on within-season total precipitation quantity and distribution. Therefore, a simple classification as dryland and irrigated is too broad to compare and identify yield gains across environments. In this current study, yield environment classification is used to study yield changes across corn yield distribution (environments). Yield environments are predefined yield groups, with minimum and maximum ranges, based on amount of corn yield harvested in a plot (Assefa et al., 2016) . Low-(LY), medium-(MY), high-(HY), and very high-yielding (VHY) environments in this paper are defined as environments in which corn yielded 0 to 7, 7 to 10, 10 to 13, and >13 Mg ha −1 , respectively. The advantage of yield environment classification in trend analysis is to identify source of the overall yield increase (i.e., whether overall yield increase is driven by changes only at certain environments [extreme parts of the yield distribution] or it is due to changes in all yield environments, Fig. 1 ).
In addition, yield gain studies conducted in the past have either been state specific or general for the entire country, the United States or Canada. In those previous studies, it is not possible to assess responses across latitudes, where different corn hybrid comparative relative maturity (CRM) groups were planted at different seeding rates. In the present study, we examined yield gains by physical environment in addition to yield environments. Physical environments are locations that can be defined by their latitude, longitude, or both. Latitude-based classes of 25 to 35°, 35 to 40°, 40 to 45°, and 45 to 50° N latitude were formed to compare yield trends as latitude increases.
The objectives of our study were to examine yield trends across different physical and yield environments for the period from 1987 to 2015, to review possible genetic, environmental, management, and interaction (G ´ E ´ M) factors that contributed to yield changes, and to suggest directions for future research.
MATERIALS AND METHODS
Dupont Pioneer corn hybrid-by-seeding rate trials were conducted from 1987 to 2015 in 23 US states and three provinces in Canada (with total of 181,395 data points). These trials were conducted in research sites and farmer fields in randomized complete block design with a split-plot arrangement. Plot size was 3.05 m (four rows) wide by 5.4 m long (with 0.76-m row spacing), and there were two to five replicates at each location. Plots were uniformly fertilized with all recommended nutrients for their respective region and related to their yield potential (according to yield gains across the historical period evaluated). Plant density was the whole-plot treatment, and hybrids were in the subplot level. There were five target plant densities: 34,595, 44,475, 59,306, 74,132, and 88,958 plants ha −1 procedure as previously detailed by Assefa et al. (2016) . Given this classification, assignment of site (plot) to a yield environment could change depending on the yield each year (i.e., one from 1987 to 1997; 44,475, 59,306, 74,132, 88,958, and 103,784 plants ha −1 from 2000 to 2010; and 44,475, 64,247, 84,016, 103,784, and 123 ,553 plants ha −1 for 2011 to 2015 trial years (Assefa et al., 2016) . About 30 to 50 important commercially available Pioneer hybrids were included per year. Within each state or province, field research was conducted in one or more counties (Fig. 2) . Not all counties, states, provinces, or hybrids were present every year. Only a small number of trials were irrigated, and the number of these irrigated sites did not change over time. Crop yield was recorded on the central two rows of the plot, grain moisture was measured, and yield was adjusted to 155 g kg −1 moisture content. Corn hybrid CRM maturity ratings were obtained from DuPont Pioneer information. These ratings are based on hybrid comparisons with maturity checks from grain harvest moisture level of the hybrid and with maturity checks at flowering.
Sites were grouped using the median latitude of counties where trials were conducted into three physical environment groups; 35 to 40°, 40 to 45°, and 45 to 50° latitude. Data were available for 25 to 35° latitude, but it was from few locations (Floyd and San Patricio, TX; Grady, GA; and Washington, MS) and, in most cases, did not cover years in the initial decade of the trial. Therefore, analysis of data from 25 to 35° was excluded in the main trend analysis. Data were also grouped into four yield environments: LY (<7 Mg ha Theoretical framework for scenarios that result in an overall average yield improvement. An overall average yield increase (trend line in red) for a region can be a result of (A) a similar yield increase across all yield environments, (B) a significant increase in a single or few best yield environments, (C) an increase in only the proportion of best yield environments (and/or a decrease in the proportion of lower-yielding environments), or (D) an increase in both the yield and proportion of best yield environments. Note that the overall yield gain in panels A and B are averages of yield gains in different environments. The overall yield gain in panels C and D is not an average of yield gains in the different environments due to changes in proportion of data with year. These are examples, not an exhaustive list, of scenarios of how average yield across environment might have changed. LY, low-yielding; MY, medium-yielding; HY, high-yielding; VHY, very high-yielding. site could be LY in 1 yr and MY in another, depending on yield harvested each year).
The analysis of the meta-database was divided into four hierarchical steps (Table 1) . As a first step, the distribution of corn yield for the entire region, and by yield environments, by latitude groups, and for each year, was analyzed (Fig. 3) . At this step, the entire meta-database with commercial hybrids was used, since the target was to evaluate the yield potential of corn in the entire region and in the specified environments, regardless of management. This was analyzed in the R program (R Development Core Team, 2012) using histogram tools (Stokely and Hesterberg, 2015) , ggplot2 (Wickham and Chang, 2016;  and other descriptive statistics and graphic methods.
For the second through fifth analysis steps (described below), a simple linear regression relating average corn yield from 1987 to 2015 over independent variable year (Eq. [1]) was fitted for each latitude, yield environment, each latitude ´ yield environment, or for the entire region.
where Y i is yield at year i, b 0 is the intercept, b 1 is the slope, x i is the year (hybrid release year i), and e i is the random error for year i.
In the second step, average corn yield from 1987 to 2015 was regressed over independent variable time (years) for each latitude group (Eq. [1], Fig. 4 ). Since the dominant hybrid CRM group varied by latitude, this analysis was conducted after depurating and filtering the meta-database so that each latitude group contained only the dominant hybrid CRM group for the specific latitude evaluated. Very early-and early-maturing (CRM < 88 d) hybrids are dominant in the latitude range 45 to 50° N. Medium-to early-maturing (88 d < CRM < 98 d) hybrids are dominant in the northern portion of latitude ranging from 40 to 45° N, and medium-maturing (98 d < CRM < 105 d) are dominant to the southern portion of the same range of 40 to 45° N latitude. Late-maturing groups (105 d < CRM < 115 d) are dominant within the 35 to 40° N latitude, and very late-maturing (CRM > 115 d) groups are dominant within the range from 30 to 35° N latitude. Therefore, yield trend at each latitude was conducted using the data that contain only the dominant CRM in a given latitude group. A similar database was also used when calculating the overall yield trend.
For the third step, average yield from 1987 to 2015 was regressed over the independent variables of time (years) or hybrid commercial release year for each of the four yield environments (LY, MY, HY, and VHY) to identify if yields were changing over time in these four yield environments (Eq. [1], Fig. 5 ). The optimal planting density varies by yield environments (Assefa et al., 2016) . Therefore, the meta-database was classified on the basis of planting densities around the optimal seeding rate, as indicated by Assefa et al. (2016) , for each yield environment: planting densities from 43,000 to 73,000 plants ha −1 for LY; from 53,000 to 83,000 plants ha −1 for MY; from 64,000 to 94,000 plants ha −1 for HY; and from 94,000 to 104,000 plants ha −1 for VHY environments. Data were further grouped in three time ranges (~decades)-1987 to 1996, 1997 to 2006, and 2007 to 2015-and the proportion of each of the four yield environments in these three historical time periods was compared.
In the fourth step, within each latitude group, yield was regressed for the yield environments across the historical period evaluated (Eq. [1], Fig. 6 ). At this step, data were restricted to the dominant CRM hybrid at the latitude and for the optimal plant density of that yield environment. For the fifth and final step, using the same data as the fourth step, the average yield trend from 1987 to 2015 was regressed over the independent variable time (years) or hybrid commercial release year for the entire region (including all US states and Canadian provinces). Yield for the entire region was also regressed over hybrid release years (Eq.
[1], Fig. 7 ). From the second to fifth analysis steps, SAS (SAS Institute, 2012) software and the PROC MIXED procedure were mainly used. Analysis was conducted by latitude, by yield environment, and then within the latitude by environment or for the entire region. In all cases, yield was the response variable and year or hybrid commercial release year were fixed effect variables, whereas replication was a random variable. The total number of data points in each step of the analysis is presented in Table 1 . Geographical distribution of all observations collected is presented in Fig. 1 .
The period from 1987 through 2015 included few years with significant region-wide droughts. Among these years are 1988, 1995, 2002, and 2012 (4 out of 28 yr evaluated, with at least one droughty year per decade). The yield gains estimated using regression coefficient obtained can be affected, especially if unusually HY or LY data points (outliers) occur near the beginning or end of the time period under study. Since these drought years are part of nature that we have to deal with and since we had multiple locations within a year that have variable outcomes, we did not exclude these years from the analysis to avoid any bias in the data-processing step. A sensitivity analysis and regression with and without these years suggest a very minimal impact on overall trend.
RESULTS

A General Overview of the Data
In the combined data, corn yield was approximately normally distributed with a mean of 10.8 Mg ha , and maximum of 24.3 Mg ha −1 (Fig. 3A) . The median yield was 10.9 Mg ha −1 , which was not far from the mean. When the yield data were divided into four yield-environments, the mean yields of the LY, MY, HY, and VHY environments were 5. 8, 8.8, 11.4, and 14.2 Mg ha −1 , respectively (Fig. 3B) . The distribution of the yield in LY and MY environments was negatively skewed, with median yields of 6.1 and 8.9 Mg ha −1 , respectively. The yield histogram for the HY environment portrayed an approximate uniform distribution with a median value of 11.4 Mg ha −1 . In the VHY environment, yield distribution was positively skewed (towards lower yield values within VHY environment) with a median value of 13.9 Mg ha −1 . The yield data were collected in latitude groups from 25 to 50° N. However, only one county (San Patricio, TX) represented the 25 to 30° N latitude. As latitude groups increased by 5°, in the 30 to 50° N latitude, the yield distribution slightly shifts left (lower yields). The mean yield decreases from 12.3 to 11.5, 10.8, and 9.5 Mg ha −1 as latitude increases from 30 to 35° to 35 to 40°, 40 to 45°, and 45 to 50° N latitude ranges, respectively (Fig.  3C) . Average, minimum, and maximum yield varied by year for our data range for the historical period from 1987 to 2015 (Fig. 3D ). Looking at just the initial (1987) and final (2015) years, minimum yields of 2.7 and 2.5 Mg ha ) were significantly different for these initial and final years (P < 0.05).
Yield Trend by Latitude (Physical Location)
Average corn yield significantly increased in all three latitude groups (Fig. 4) (Fig. 4A, Table 2 ).
Yield increase in these latitudes was a result of yield improvement across all the respective CRM groups. Yield increase was similar between the medium and high CRM hybrid groups in the 35 to 40° N latitude (Fig. 4B) , for the early and medium CRM hybrids in the 40 to 45° N latitude (Fig. 4C) , and for the very early and early CRM hybrid groups in the 45 to 50° N latitude (Fig. 4D) .
Yield Trend by Yield Environments
The meta-database was divided into the four yield environments to evaluate the average yield trend model for each environment over the study period. Yield changes were recorded varying across the four yield environments (Fig. 5) ) in the MY environment, and no significant historical yield changes in yield environments were documented for the LY environment (Fig.  5A) . A similar result was obtained when yield was regressed by hybrid commercial release period. Overall, mean yield for VHY and HY environments presented greater yield improvement when compared with the changes on yield documented for MY and LY environments in both approaches, analysis by year and by hybrid commercial release period (Fig. 5B, Table 2 ).
The frequency of sites with different yield environments, expressed as a proportion of the total, was also investigated for the three decade time clusters: 1987 to 1996, 1997 to 2006, and 2007 to 2015 . Overall, the proportions of LY and MY environments were decreased and the HY and VHY environments increased when the earliest decade (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) was compared with the most recent historical period (2007-2015, Fig. 5C ). Similar to the overall trend, the proportion of the LY and MY environments shrunk from ~50 to 25% for the 35 to 40° and 40 to 45° N latitude groups ( Fig. 5D and 5E ) and from ~75 to 40% for the 45 to 50° N latitude group (Fig. 5F ).
Yield Trend by Latitude and Yield Environment
Analysis by the different latitude ranges for each of the four yield environments confirmed that yield changes were greater in HY and VHY environments than in MY and LY environments (Fig. 6, Table 2 ). In the lower latitude group (25-35° N), there were no sufficient data (<8 yr of data) for the VHY and LY environments and sparse data (a total of 8 to 10 yr data spread across three decades) for the HY and MY yield environments (data not presented). For the 35 to 40° and 40 to 45° N latitude groups, yield increased at rates of 50 and 10 kg ha −1 yr −1 for the VHY and 43 and 39 kg ha −1 yr −1 for the HY yield environments, respectively. There was a 38 kg ha −1 yr −1 increase for the MY cluster in the 35 to 40° N latitude, but there were no significant yield changes in the LY environment within this latitude group (Fig. 6 ). There were also no significant yield increases in MY and LY environments within the 40 to 45° N latitude group (Fig. 6A and 6B , Table 2 ).
In the highest latitude group (45-50° N), there were no data from 1987 to 1996 yr in VHY and HY environments, since this latitude cluster is primarily dominated by the early-maturing CRM hybrid with potential yields lower than the other corn CRM hybrid groups (Assefa et al., 2016) . In this highest latitude group, yield increased significantly for both MY and LY environments at rates of 40 and 29 kg ha −1 yr −1
, respectively, which is likely due to dominance of early CRM hybrids (with lower yield potential). In the data used for this study, maximum yield for early CRM hybrids (13 Mg ha −1 ) is lower than the maximum yield achieved in this study, which was 24 Mg ha −1
. If the yield environments were specific to CRM groups, the MY and LY environments would have been the HY and MY yielding environments for the short CRM group.
Finally, for the entire region, using data with the dominant CRM hybrids for each latitude and optimal planting density for each yield environment, an overall annual yield gain of 147 kg ha −1 yr −1 was obtained (Fig. 7A) . Analyzing the yield trend by hybrid release period, a lower yield gain of 112 kg ha −1 yr −1 was documented (Fig. 7B) . The latest approach, using a hybrid release year, considers multiple field study year data for hybrids released at specific years.
DISCUSSION
The first major result from this analysis is the significant average corn yield increase at the VHY and HY environments but minor overall yield improvement at the LY and MY environments. This response has been observed and reported previously, but to our knowledge, none of the previous historical yield studies evaluated yield gain by yield environments at different latitudes. Researchers have studied yield trends in "bad" versus "good" years and in "dryland" versus "irrigated" or "state average" versus "contest-winners" conditions. The results documented in those studies were consistent with this synthesis analysis, with relatively small yield gains in bad year-dryland-state-average compared with larger yield gains in good-year-irrigated-contest-winners scenarios (Duvick and Cassman, 1999; Kucharik and Ramankutty, 2005; Campos et al., 2006; Assefa et al., 2012; Leibman et al., 2014) . Recently, Lobell and Azzari (2017) studied corn yield heterogeneity in the US Midwest and reported average yield differences doubling from 2000 to 2015 between the most productive land (due to high technology adoption and high-input investment) and the LY environment (where yields are stagnant and variable).
To further verify the main outcomes of this study, a similar analysis was conducted on USDA state-level yield reports, which consistently supports our findings (Fig. 8A) . Unlike the experimental data, with measurements at plot level, the USDA data are presented at state level, and its collection process differs in that yields were obtained by field observation and survey, as compared with the observations collected in the research plots. The VHY environment exists for few years within the USDA database. However, similar lower yield gain and model fit was recorded from the USDA database when comparing HY to LY yield environments (Fig. 8A) , which aligns with the results from this analysis (Fig. 5A) .
The second major result from our analysis is that, for the time period evaluated from 1987 to 2015, the proportion of yields categorized as VHY and HY have significantly increased over time compared with MY and LY environments. This is one of the major reasons for the consistent yield gain trends recorded in this study (Fig. 5B-5E ). Analysis of the USDA database at state level confirmed a similar trend (Fig. 8B) .
This latter finding raised the question of how the changes in the yield environments might have occurred. There are at least two reasons that justify why the proportion of the VHY and HY environments increased over time: specialization and intensification. With experience, both corn researchers and farmers might have moved from areas or fields that have consistently resulted in poor yields to better-yielding environments. This is the specialization or crop ´ site-specific theme. Specialization is unlikely to be the primary and only explanation for the trend observed in this research database, as study sites were positioned in similar corn-growing areas throughout the 1987 to 2015 period.
The intensification process is related to both genetic yield gains plus following identification and utilization of best management practices such as improved and wide spread irrigation, fertilization, weed control, optimal seeding rates, and other options to increase yields in favorable environments for corn production (Smith et al., 2014) . While intensification seems to be the most plausible factor involved in the shifts in yield for the research data, both intensification and specialization might explain the shift of corn production from LY to HY environments recorded in the USDA database, perhaps connected to changes in irrigated areas, a shift in corn-producing counties from early to the most recent decade (USDA-NASS, 2015), early planting, and increased planting density. An increase in irrigated corn area was documented from 1987 to ~1995 for Kansas, Texas, North Dakota, New Mexico, and Oklahoma (USDA-NASS, 2015, Supplemental Fig. S1 ). A previous study conducted by Egli (2008) indicated a shift from low-to high-input systems, highlighting the intensification process as the main factor responsible of the rapid yield gain documented from 1950 to 2005. A 19 to 53% state-level yield increase from 1979 to 2005 was attributed to early planting for Nebraska, South Dakota, Minnesota, Iowa, Wisconsin, and Michigan (Kucharik, 2008) -also associated with better weather conditions explored during the growing season. Change in planting density, meaning an increase in the number of plants per unit area, is also one of the main contributors to yield improvement and better N use efficiency on modern corn hybrids (Tollenaar and Wu, 1999; Tokatlidis and Koutroubas, 2004; Ciampitti and Vyn, 2012) .
The third contribution of this study is related to the yield gain analysis by latitude and by CRM hybrid clusters. Yield gain studies in the past have reported a state, country, or region as a base for their analysis (Duvick, 2005; Assefa et al., 2012; Grassini et al., 2013; Ciampitti and Vyn, 2014) . The dominant hybrid CRM groups are different across North American latitudes (Assefa et al., 2016; DuPont Pioneer, 2016) . A region-based analysis hides the exact rate of yield growth by latitude and corn CRM groups. The current analysis confirms a yield gain achieved for the HY environment (10-13 Mg ha −1 ) due to an increase in yield for all dominant CRM hybrid groups within each latitude evaluated (Fig. 4 and 6) .
In the early decades (1987 to 1996) , the highest latitude (45-50° N), dominated by short CRM groups, did not have a VHY category (Fig. 5F ). However, in the latest period (2007 to 2015) , this region captured yields >13 Mg ha −1 . This may be related to two other important contributors of yield increase, climate change and hybrid improvement. In the highest latitude, the primary limitations for corn production has been the short growing season and less focus on the combination of planting technology, right genetics, and best management practices. As climate changes, the growing season for corn may improve in the high latitudes, resulting in projected corn yield increases in the northern United States, Canada, and China (Metz et al., 2007; Kucharik and Serbin, 2008; Wang et al., 2011; Meng et al., 2014 Meng et al., , 2016 ). An increase in frost-free days and earlier planting, potentially increasing the growing season, was documented for North America (Kunkel et al., 2004; Kucharik and Ramankutty, 2005; Rawlins et al., 2016) . Recently, researchers pointed out that solar brightening during the postflowering phase of development of corn increased during the past three decades, contributing for yield gain of up to 27% from 1984 to 2013 (Tollenaar et al., 2017) . The increase in yield across all CRM groups in all latitudes is also due to continuous release of new hybrids (hybrid improvement), corn genotypes better adapted to different latitude, and changing climate environments. Duvick (2005) summarized corn yield changes and contributions to those changes and concluded that, on average, 50% of the yield increase in corn was due to changes in management, and the remnant was due to genetics. Recent data showed that genetic gain contributed ~75% to increased corn yield under Iowa rainfed conditions (Smith et al., 2014) . In a synthesis related to historical corn improvement, Fischer et al. (2014) concluded that the shift to early planting (Kucharik, 2008; Irwin et al., 2009 ) was related to G ´ M factors. They postulated that G ´ M factors contributing to early planting were related to the release of corn hybrids more tolerant to cold, saturated soils, herbicide resistance, improved seed treatments, and machinery technology better adapted to conservation tillage (Fischer et al., 2014) . The latter clearly emphasizes the complexity to unravel the interwoven G ´ E ´ M factors for corn yield improvement. In a recent study, Gaffney et al. (2015) reported 6.5% higher average yield from drought-tolerant Optimum Pioneer AQUA-MAX corn hybrids as compared with their nondrought counterpart under water-limited conditions (average yield of the check hybrids was <9.5 Mg ha −1 ). The proportion of AQUAMAX corn hybrids in our LY and MY environments was low (16%). Therefore, the yield trends documented in the last 5 yr (2011, when AQUAMAX was launched, to 2016) for the LY and MY environments in our study could be underestimated. If the full potential ("yield ceiling" in each yield environment category) is achieved, then the estimated yield trend could be close to the previous yield documented under drought conditions, (i.e., close to 0.5 Mg ha −1 ; Campos et al., 2006; Cooper et al., 2014) . A simulation study by Messina et al. (2015) also suggested that improvement in performance of corn in drought-prone areas (in LY environments) can be obtained with inclusion of the limited-transpiration trait. The limited-transpiration trait was described by Gholipoor et al. (2013) as corn plants with restricted transpiration rates under high vapor pressure deficit. This trait helps to conserve soil water for later during the growing season. Future integration of this trait into competitive hybrids could provide an avenue to decrease yield variability and increase yield in LY environments.
The main contribution of this study is providing concluding information on historical corn yield changes by yield-environment (yield-based) and physical (latitude-based) environments. Quantifying the individual contribution of G ´ E ´ M is beyond our objective. However, the summary of literature discussed above suggest that changes in genetics, management, response to drought stress (G ´ E interactions), and the interaction of this three factors (G ´ E ´ M) contributed to yield gain, as well as change in proportion of yield environments.
One final and fourth observation from this study is that average yield gains from 1987 to 2015 for the entire region or for each of the latitudes groups ranged from 97 to 147 kg ha −1 yr −1
. The overall yield gains reported herein are within the range of yield gains reported previously for the United States and other countries (Duvick, 2005; Kucharik and Ramankutty, 2005) . Analysis of the USDA state-level database for a similar historical period indicated a yield gain at the rate of 121 kg ha −1 yr −1 (Fig. 8C) . The most important emphasis in this study is that this regional overall yield increase is a result of increases in yield and proportions of HY and VHY environments with relatively smaller yield gain and decreases in proportions of LY and MY environments (Fig. 1D) . Recent efforts to improve yield in LY and MY environments using both native and transgenic drought tolerance traits with significant yield gains are documented Gaffney et al., 2015) . Among the challenges that should be acknowledged as to why yield gains were less in LY environments than HY environments are: (i) the lack of repeatability of trials in LY environments due to variability, and (ii) the exclusion of low-yield research data when it happens to favorable genetics, management, or environment. Future research should be established to look at genetic gain using era hybrids, specifically in LY environments all in the same year, to provide more comprehensive information on the yield change expected under LY and MY environments.
CONCLUSIONS
This synthesis analysis used a large database, including most relevant corn areas and a recent period , which is less explored by previous corn yield improvement studies. It also presented yield changes by latitude and a unique approach (i.e., yield changes across yield environments). Yield trend analysis by environment was conducted using the dominant CRM groups in each latitude and at the optimal plant density region for each yield environment.
The outcomes of this synthesis analysis revealed that the overall yield for the HY environment improved in a historical perspective for the last three decades in North America. Corn yield improvement has not been uniform across yield environments. In addition, the proportion of LY and MY environments have shrunken over time. Yield gains were similar across physical environments by latitude, but not by yield environments. Factors that contributed to these yield gains may include (i) intensification, or development and use of improved genetics, management practices, and inputs; (ii) specialization of corn production, or a shift of corn production to more favorable field, county, or state regions; and (iii) climate change, by increased length of growing season, potential effect of solar brightening, or increased timely precipitation. Differentially, more breeding resources were potentially invested in HY environments with most popular (large acreage) CRM corn hybrids, thus providing improvement mainly to the most productive corn-growing environments. Recent private and public efforts to improve corn yield gains for LY and MY environments will improve overall country-level attainable corn yield and assist in narrowing the gap as related to the maximum yield expected for each optimal plant density, CRM, latitude, and yield environment combination across the Corn Belt region of North America.
